Abstract-In order to search into the underlying mechanisms of ECG changes sug gestive of ischemia observed in humans and in rabbits after administration of 5-fluorouracil (5-FU), experiments were performed in anesthetized open-chest guinea pigs. The substance produced similar ECG changes in this species as well, after a rather long latent period of around 3 hours after intravenous administration. The incidence of ECG abnormality in animals given 60 mg/kg was 7/7, while that in animals given 30 mg/kg was 4/9. With 10-20 mg/kg, ECG changes were not observed during an experimental period as long as 5 hours . Associated with these ECG changes, a depletion of the high-energy phosphate compounds of the ventricular myocardium was observed. Analysis of tricarboxylic acid cycle (TCA cycle) intermediates revealed an accumulation of citrate within the myocardium, suggesting a malfunction of TCA cycle resulting from an inhibition of aconitase by fluorocitrate, as a cause of depletion of the high-energy phosphates.
pigs. The substance produced similar ECG changes in this species as well, after a rather long latent period of around 3 hours after intravenous administration.
The incidence of ECG abnormality in animals given 60 mg/kg was 7/7, while that in animals given 30 mg/kg was 4/9. With 10-20 mg/kg, ECG changes were not observed during an experimental period as long as 5 hours . Associated with these ECG changes, a depletion of the high-energy phosphate compounds of the ventricular myocardium was observed. Analysis of tricarboxylic acid cycle (TCA cycle) intermediates revealed an accumulation of citrate within the myocardium, suggesting a malfunction of TCA cycle resulting from an inhibition of aconitase by fluorocitrate, as a cause of depletion of the high-energy phosphates.
It is highly probable that the accumulation of citrate was due to the formation of fluoroacetate, an inhibitor of aconitase, from 5-FU via a-fluoro-j3-alanine, a major degradation product of 5-FU, for it is known that ~-alanine is usually converted to acetate.
5-Fluorouracil
(5-FU) and related compounds have been used extensively as cytostatic agents in the chemotherapy of malignant neoplasms since the introduction by Heidelberger and associates in 1957 (1) . found a similar cardiotoxicity in the rabbit. According to their report a significant number of rabbits infused with 15 mg/kg of 5-FU died within 24 hours following ventricular fibrillation.
In typical cases, T wave in lead 11 ECG was markedly high at 17 hr, but lowered ST-segment or inverted T wave was also observed in some cases. Myocardial mitochondria taken from 5-FU-treated rabbits showed a low respiratory control ratio.
Several mechanisms have been proposed to explain the cardiotoxicity of 5-FU and related compounds, including a direct toxic effect on myocardial cells and an autoimmune reaction (4) . The description of the pain and the response of milder episodes to glyceryl trinitrate strongly suggest cardiac ischemia.
In order to further characterize the changes occurring in the heart, we attempted to reproduce the cardiotoxicity of 5-FU in the experimental animals and found there is a great variability in sensitivity among different species; the guinea pig is very sensitive, whereas the dog does not show typical ECG changes suggestive of ischemia (unpublished observation).
We, therefore, used the guinea pig as the experimental animal and studied the hemodynamic effects of 5-FU together with the effects on ECG.
The effects of 5-FU on the energy me tabolism of the ventricular myocardium were also studied.
MATERIALS AND METHODS

1)
Experiments with anesthetized open-chest guinea pigs: Male guinea pigs weighing between 300 and 500 g were anesthetized with urethane (1.5 g/kg, i.p.). Under artificial respiration with room air (80/min, tidal volume of 0.9-1 ml/100 g-f-dead space), the chest was opened by midsternal incision. A cannula was inserted into the left carotid artery and connected to a pressure transducer to record the arterial blood pressure. Standard limb lead II ECG was recorded every 15 minutes, and the heart rate was recorded continuously with a tachometer triggered by R waves of ECG. Drugs were given into the saphenous vein over 20 seconds.
In some experiments, the myocardial blood flow was determined using the hydrogen Hydrogen balanced with room air was provided for ventilation to obtain the saturation of the myocardium with hydrogen. Saturation was recognized by the recording of stable plateaus of currents produced at the electrodes. The hydrogen gas was then discontinued and the desaturation curves were recorded, until the prehydrogen infusion, baseline currents had been reached. The recorded desaturation curves were plotted onto semilogarithmic paper with units of current deflection and time as the coordinates. Local myocardial flow was derived from the half-time (T 1/2) of the desaturation curve as follows:
Placement of the electrodes was verified by myocardial examination at the conclusion of each experiment.
2) Experiments on the myocardial energy metabolism: When typical ECG changes appeared, or at the end of the experimental period of 3 hours, the heart was quickly excised and instantly frozen with a pair of Wollenberger tongs precooled in liquid N2. The frozen tissue was pulverized with a micro-dismembrator (B. Braun) at liquid N2 temperature and was homogenized with 2 volumes of 0.6 N PCA three times for 5 seconds in a polytron (Kinematica PT 10-35) (power control at 9). After centrifugation with a refrigerated centrifuge (Hitachi 20PR-52) at 4,000 rpm for 15 min, the supernatant was neutralized with 4 N KOH. Adenine nucleotides were separated using the thin-layer chromatographic (TLC) method of Jones et al. (8) using polyethyleneimine (PEI) impregnated cellulose plates (Merck.
5725/0025), and were quantitated directly on the plates by UV absorption, with a dual wavelength TLC scanner (Shimadzu CS-900). Total phosphate contents (inorganic phos phate plus creatine phosphate) were determined by a modified method of Fiske and SubbaRow (9) incubating an aliquot of the neutralized muscle extract with the acid-molybdate reagent for 20 min at 25'C. Inorganic phosphate (Pi) was selectively precipitated with a suspension of Ca(OH)2 in CaC12 (10) and determined with the above procedure. The difference between total and inorganic phosphate was taken to represent the creatine phosphate. According to Wahler and Wollenberger (11) , there are no acid-molybdate-labile phosphates in heart muscle other than creatine phosphate.
Energy charge (E.C.) of the adenylate pool, which according to Atkinson (12, 13) can furnish a quantitative estimate of the energy state of the cell, was calculated as, and phosphorylation potential (P.P.), a more sensitive indicator of the energy status of cell than the energy charge (14) , as, Lactate and pyruvate were determined following the procedures described in a previous publication (15) . Based on these determinations, the redox potential (Eh) of the ventricular myocardium was calculated, using the following equation (16) The tricarboxylic acid cycle (TCA cycle) intermediates were determined using a carboxylic acid analyzer (Seishin Seiyaku S-603). About 3 ml of neutralized PCA extract of the frozen tissue (ca 1 g) was lyophilized and redissolved in redistilled water (ca 0.4 ml).
The total amount was applied to the analyzer. As shown in Table 1 , LD50 was 25.5 mg/kg with 95 % confidence limit of 18.8-34.7 mg/kg.
Observations of survivors were continued for 15 days after administration.
There was no incidence of death after 3 days. Figures 2 and 3 illustrate the effects of 60 mg/kg of 5-FU on the blood pressure and the heart rate. Except for a brief period just after intravenous administration of trishydroxy aminomethane and 5-FU, the blood pressure tended to be somewhat higher in all three groups, however, the changes were not significant. There was a tendency for the heart rate to decrease with time, even in the control group, however, the heart rate decrease with 5-FU did not differ from that in the control animals, while the heart rate decrease with trishydroxy aminomethane was significantly greater than in the control. As shown in Fig. 4 , the product of mean aortic pressure and heart rate, a good measure of the myocardial oxygen con sumption, was not significantly different in the 5-FU treated group from that in the control group.
The myocardial blood flow measured by the hydrogen clearance method tended to be somewhat higher when the typical ECG changes shown in Fig. 1 appeared (Table 2) .
However, these changes were not significant. 3) Changes in the high-energy phosphate content: Figure 5 shows the effects of 60 mg/ kg of 5-FU on the high-energy phosphate content of the ventricular myocardium. A significant decrease in ATP and creatine phosphate with a significant increase in ADP, AMP and inorganic phosphate were observed after 5-FU. There was a significant accumu lation of lactate within the myocardium with no change in the myocardial redox potential.
However, trishydroxyaminomethane, which was used to dissolve 5-FU, produced an ac cumulation of lactate of similar magnitude to 5-FU itself (Table 3) . on the TCA cycle intermediates were studied. As TCA cycle intermediates, succinate, malate and citrate were determined on the myocardial samples taken at a time of ECG changes produced by 60 mg/kg of 5-FU.
As listed in Table 5 , there was a significant ac cumulation of citrate within the myocardium. Chenoweth and Gilman (21) studied toxic effects of FA in various species and found extremely variable pharmacological reactions. Not only does the LD50 vary from species to species (the rabbit, guinea pig and dog are most sensitive, while the rat is quite resistant), but the qualitative character of the pharmacodynamic action of the drug is equally varied.
The major point of attack may be either the central nervous system or the heart. Both may be affected to varying degrees in some species, but it is usual that one organ is primarily concerned while the other is only slightly, or not at all affected. All these responses follow a long and essentially irreducible latent period after the administration of the poison by any route. There is a tendency for herbivorous animals to manifest cardiac effects and for carnivores to develop per primum central nervous system convulsions or depression whereas in more or less omnivorous species, both the heart and the central nervous system may be affected. The rabbit is a representative animal showing cardiac responses, while in the dog, effects on CNS are the main response. Man and rhesus monkey produce mixed-type re sponses. According to the present study, the guinea pig can be categorized into the rabbit group. As just mentioned, humans usually show mixed-type responses to FA. However, it may be that there are populations of people who respond to FA in the same manner as seen in rabbits and guinea pigs with ECG changes suggestive of ischemia. Why there is such a great disparity concerning the responses to FA among the species presents an inter esting problem and merits further investigation.
